High-performance organic thin-film transistors (OTFTs) with a nanoparticle composite dielectric layer have been demonstrated. The dielectric layer consists of cross-linked poly-4-vinylphenol (PVP) and high-dielectric titanium dioxide ͑TiO 2 ͒ nanoparticles. Because of the nanosize of TiO 2 , it disperses well in the organic solvent, which makes it possible to use solution-processable methods to prepare the dielectric layer. OTFTs with pentacene as the semiconducting layers have been demonstrated; it was found that the OTFTs with the nanocomposite dielectric layer have higher field-induced current than that of conventional devices because the dielectric constant of the gate insulator is increased. This finding opens an interesting direction for the preparation of high-performance OTFTs without complicated sputtering of high-dielectric materials. There has been great interest in thin-film transistors made of organic compounds, since organic thin-film transistors (OTFTs) have many unique advantages, such as light weight, flexibility, low cost of fabrication, and solution processability.
High-performance organic thin-film transistors (OTFTs) with a nanoparticle composite dielectric layer have been demonstrated. The dielectric layer consists of cross-linked poly-4-vinylphenol (PVP) and high-dielectric titanium dioxide ͑TiO 2 ͒ nanoparticles. Because of the nanosize of TiO 2 , it disperses well in the organic solvent, which makes it possible to use solution-processable methods to prepare the dielectric layer. OTFTs with pentacene as the semiconducting layers have been demonstrated; it was found that the OTFTs with the nanocomposite dielectric layer have higher field-induced current than that of conventional devices because the dielectric constant of the gate insulator is increased. This finding opens an interesting direction for the preparation of high-performance OTFTs without complicated sputtering of high-dielectric materials. There has been great interest in thin-film transistors made of organic compounds, since organic thin-film transistors (OTFTs) have many unique advantages, such as light weight, flexibility, low cost of fabrication, and solution processability. [1] [2] [3] [4] [5] However, traditional OTFTs often suffer from high operating voltage due to the low charge carrier mobilities of organic semiconductors. Hence, for the applications that require high current output, such as switching of organic light-emitting diodes, OTFTs are still not the suitable candidates. 6 Since the field-induced current is proportional to the field-induced charge density and carrier mobility, one way to overcome this problem is to use high-dielectricconstant (high-) gate insulators, 7, 8 which can enhance the field-induced carrier density. However, most high-materials used for OTFTs so far are based on ceramics and hence are usually brittle and expensive to prepare. The poor mechanical properties of these materials makes it highly challenging to be realistic in the flexible electronics. In addition, the preparation of these high-materials requires a hightemperature annealing process, which is not compatible with plastic substrates. Consequently, it is necessary to develop a cheap and easy way (e.g., a solution-processable method) to fabricate gate insulators with both a high dielectric constant and mechanical flexibility.
In this work, nanocomposite dielectric layers, consisting of cross-linked poly-4-vinylphenol (PVP) and titanium dioxide ͑TiO 2 ͒ nanoparticles, a high-material ͑ =80͒, 9 were prepared for OTFT gate insulators. Because of the nanosize of TiO 2 , it disperses well in the organic solvent, which makes it possible to use solution-processable methods, such as spin coating, to prepare the devices. With pentacene as the semiconducting layer, it was found that the OTFTs with the nanocomposite dielectric layers have a higher field-induced current than that of convention devices because the dielectric constant of the gate insulator is increased.
Pentacene, poly-4-vinylphenol (PVP, M w = 20 000), poly(melamine-co-formaldehyde) methylated ͑M n = 511͒ and propylene glycol monomethyl ether acetate (PGMEA) were purchased from Aldrich, and used as received without purification. TiO 2 nanoparticles were obtained from Nanophase Technologies. Figure 1 shows the device structure for a typical OTFT fabricated in this study. The channel length ͑L͒ and width ͑W͒ are 100 and 6000 m, respectively. ITO patterned on a glass substrate was used as the gate electrode. More than ten OTFTs were made for each experiment; reproducible data were obtained, and typical device characteristics are shown in this work. We found that an additional layer of 30 nm 3,4-polyethylenedioxythiophene-polystyrenesulfonate (PEDOT), on the ITO could enhance the OTFT on-off ratio from 10 3 to 10 4 , presumably due to a decrease in surface roughness of the ITO surface by the PEDOT layer. PVP ͑11 wt.%͒ and poly(melamine-co-formaldehyde) methylated ͑4 wt.%͒ was dissolved in PGMEA, and blended with different concentrations of TiO 2 nanoparticles. After stirring the solution for more than 24 h, a stable TiO 2 dispersed solution was obtained. No apparent precipitation was found even after 24 h in the solutions for all the concentrations of TiO 2 used in this study. The solution could also easily go through 1.0 m filters. The solution was then spin coated onto the PEDOT/ITO substrates. The substrate was then prebaked at 120°C for five min followed by baking at 200°C for 20 min to cross-link the polymer. Pentacene was then thermally deposited as the semiconducting layer. The gold source and drain electrodes were then thermally evaporated through a shadow mask. The film thicknesses were measured by Dektak 3030 profilometer. The current-voltage ͑I -V͒ charactera)
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APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 15istics of OTFTs were measured by HP 4155 semiconductor parameter analyzer. The devices for capacitance measurements consist of different dielectric layers sandwiched between ITO and Al electrodes. The capacitance measurements were conducted with a HP 4284A Precision LCR meter. The dielectric constants were calculated following the equation
where C is the measured capacitance, 0 is the permittivity of free space, A is the area of the capacitor, and t is the thickness of the dielectric. Figure 2 shows the frequency-dependent dielectric constants of dielectric layers with different nanoparticle concentrations. For a pure cross-linked PVP film, the dielectric constant is 3.5 at 1 MHz, which is close to the value reported earlier. 10 After inserting a 30 nm PEDOT film, the dielectric constant increases to 3.9. In lower frequency regions, the dielectric constant increases rapidly, which may be due in part to the free ions in the PEDOT layer. From Fig. 2 , we can see that the dielectric constant increases with the amount of TiO 2 nanoparticles embedded in the thin films. For the dielectric film with 7 wt.% of TiO 2 nanoparticles, the dielectric constant increased to 5.4. From the data shown previously, it can be concluded that the cross-linked PVP films blended with high-nanoparticles have higher dielectric constants than a pure polymer film. The dielectric constant can be further increased if nanoparticles with an even higher dielectric constant are used. Figure 3(a) shows the drain-source current ͑I DS ͒ versus drain-source voltage ͑V DS ͒ of a typical OTFT with a crosslinked PVP gate insulator (device A) at different gate voltages ͑V G ͒. The corresponding plot of ͑I DS ͒ 1/2 versus V GS for the device is shown in Fig. 4 (dashed line) . The carrier mobility was calculated at the saturation regions with the following equation:
where C i is the capacitance per unit area of the insulator, and V T is the threshold voltage. The mobility and the threshold voltage of the OTFT were 0.20 cm 2 V −1 s −1 and −7.8 V, respectively. The on-off ratio was more than 10 4 . On the other hand, the device with 7 wt.% TiO 2 nanoparticles PVP gate insulator (device B) had almost twice the field-induced current at the same gate voltage as shown in Fig. 3(b) . The calculated mobility from Fig. 4 was 0.24 cm 2 V −1 s −1 and the threshold voltage decreased slightly to −7.0 V. From Eq.
(1), since the mobility is almost unchanged for both devices, the enhanced output current should be attributed to the higher field-induced charge carrier density in the conducting channel. Consequently, Fig. 3 clearly demonstrates that the OTFT with a nanocomposite dielectric layer gives a higher current output due to a gate insulator embedded with high dielectric constant material. Additionally, this has also been confirmed from the increase of output current due to the increasing concentrations of TiO 2 nanoparticles embedded in the gate insulators. The electrical characteristics of the OTFTs with different amounts of TiO 2 nanoparticles embedded in the gate insulators are summarized in Table I .
On the other hand, the on-off ratio of device B decreases to 10 3 , about one order smaller than that of device A (Fig. 4) . This is probably due to higher leakage current from the nanocomposite film. From the atomic force microscopy (AFM) images of the surfaces of the dielectric films (Fig. 5) , it can be seen that the surface of the dielectric layer of device B is rough; in contrast to a smooth surface obtained in device A. The rms roughness of the dielectric film with 7 wt.% TiO 2 nanoparticles is 12.8 nm, which is much rougher than that of the pure crossed-linked PVP film ͑0.3 nm͒. This suggests that there are probably some defects present in the gate insulator, which may cause the current leakage. This problem is likely to be resolved in the future by engineering the nanoparticle with side groups soluble in organic solvent. The morphology of the polymer thin film will be smoothened, subsequently reducing the leakage current.
In summary, we have shown that the field-induced current of an OTFT can be enhanced by blending high-nanoparticles into the dielectric gate insulator. The nanocomposite can also be used to tune the dielectric constant of the gate dielectric layer. This method offers an easy and cheap way to prepare gate insulators of OTFTs with higher dielectric constants. Although enhanced current output was observed for the OTFTs with the nanocomposite dielectric gate insulator, apparently, the device performance is still limited by the solubility of TiO 2 nanoparticles in solutions. The weight ratio of TiO 2 to cross-linked polymer in the composite layer is less than 0.5. With a higher amount of TiO 2 nanoparticles in the composite film, a higher dielectric constant and, subsequently, a higher current output are expected. In the future, the current leakage problem may be overcome with a better film morphology of the dielectric layer. In addition, the surface of the nanoparticles should be modified to enhance the solubility in common organic solvent.
